An intense phase-controlled orthogonally polarized two-color ultrashort laser pulse is used to singly ionize and dissociate H 2 into a neutral hydrogen atom and a proton. Emission-direction and kinetic-energy dependent asymmetric dissociation of H 2 is observed as a function of the relative phase of the orthogonally polarized two-color pulse. Significant asymmetric proton emission is measured in the direction between two polarization axes. Our numerical simulations of the time-dependent Schrödinger equation reproduce many of the observed features. The asymmetry is attributed to the coherent superposition of twodimensional nuclear wave packets with opposite parities, which have the same energies and overlap in the same emission directions. DOI: 10.1103/PhysRevLett.113.203001 PACS numbers: 33.80.Rv, 34.80.Ht, 42.50.Hz, 42.65.Re Directional molecular bond breaking, as the key ingredient for the coherent control of chemical reactions [1, 2] , has attracted much attention in past decades. Intense phasecontrolled near-infrared few-cycle [3] [4] [5] [6] [7] or two-color laser pulses [8-13] of symmetry-broken electric waveforms have been used to control the directional dissociative ionization of molecules. The underlying physics [14-18] is understood as either the quantum interference of the nuclear wave packets of opposite parities or the classical localization of the remaining electron. A modest near-infrared laser pulse is effective to steer the intramolecular motion of the electron until its localization at one of the departing nuclei after the ultrafast ionization induced by an ultraviolet attosecond pulse [19] [20] [21] . It is the phase of the laser field at the ionization instant that governs the directional dissociative ionization of the molecule in the laser pulse as probed by the technique of coincidence angular streaking [22] . This directional bond breaking was recently experimentally demonstrated in the photodissociation of a molecular-ion target [23, 24] by using a phase-controlled near-infrared few-cycle laser pulse, which avoided the first ionization step and thus could be qualitatively compared with quantum simulations.
Directional molecular bond breaking, as the key ingredient for the coherent control of chemical reactions [1, 2] , has attracted much attention in past decades. Intense phasecontrolled near-infrared few-cycle [3] [4] [5] [6] [7] or two-color laser pulses [8] [9] [10] [11] [12] [13] of symmetry-broken electric waveforms have been used to control the directional dissociative ionization of molecules. The underlying physics [14] [15] [16] [17] [18] is understood as either the quantum interference of the nuclear wave packets of opposite parities or the classical localization of the remaining electron. A modest near-infrared laser pulse is effective to steer the intramolecular motion of the electron until its localization at one of the departing nuclei after the ultrafast ionization induced by an ultraviolet attosecond pulse [19] [20] [21] . It is the phase of the laser field at the ionization instant that governs the directional dissociative ionization of the molecule in the laser pulse as probed by the technique of coincidence angular streaking [22] . This directional bond breaking was recently experimentally demonstrated in the photodissociation of a molecular-ion target [23, 24] by using a phase-controlled near-infrared few-cycle laser pulse, which avoided the first ionization step and thus could be qualitatively compared with quantum simulations.
However, almost all of the foregoing directional dissociation controls were demonstrated in a one-dimensional stage along the direction of field polarization . The control of the directional bond breaking rapidly diminishes for the molecule oriented away from the polarization axis of the dissociation field [4, 24] . Here, we report two-dimensional directional dissociative ionization of H 2 by using an intense phase-controlled orthogonally polarized two-color (OTC) laser pulse. It stands for a two-dimensional pathway interference of the nuclear wave packets with opposite parities. Bright butterfly structure is observed in the proton momentum distribution owing to conjunct driving of the orthogonally polarized fundamental (FW) and second-harmonic (SH) waves. By tuning the relative phase of the OTC pulse, we find significant asymmetric proton emission in the direction between the polarization axes of the two colors, which varies as the kinetic energy of the proton due to the interference of different dissociation pathways. By numerically propagating a two-dimensional nuclear wave packet in the OTC pulse, we observe similar angle-resolved asymmetries.
We produce the phase-controlled OTC laser pulse in a collinear scheme [13] . An FW pulse (25 fs, 790 nm, 10 kHz, polarized along the z axis) from a multipass amplification Ti:sapphire laser system is down-collimated into a 150-μm-thick β-barium borate (BBO) crystal to produce an SH pulse at 395 nm (polarized along the y axis). The time lag between the FW and SH pulses is compensated with a birefringent α-BBO crystal. A pair of fusedsilica wedges is used to finely tune the relative phase, ϕ L , between the FW and SH waves of the OTC pulse, whose absolute value is calibrated by analyzing the directional dissociative ionization of CO molecules [13] . As illustrated in Fig. 1(a) , the generated OTC laser pulse is sent into a standard reaction microscope of cold target recoil ion momentum spectroscopy setup [25, 26] and focused onto a supersonic gas jet of H 2 by a concave mirror (f ¼ 7.5 cm) inside the chamber. The intensities of the FW and SH fields in the reaction region are measured to be I 0;FW ∼ 8.3 × 10 13 and I 0;SH ∼ 6.0 × 10 12 W=cm 2 , respectively. The OTC pulse first singly ionizes H 2 to H þ 2 which then dissociates into a neutral hydrogen atom H and a proton H þ . The positively charged proton is guided by a weak homogeneous electric field and detected by a timeand position-sensitive microchannel plate detector [27] at the end of the spectrometer. The three-dimensional momentum vectors of the proton are reconstructed from the measured time-of-flights and positions of the fragment ion. We restrict our data analysis and discussion to protons ejected in the polarization plane of the OTC pulse where the molecules mostly dissociate. We rule out the contribution of the excited neutral fragment of H Ã (e.g., in the Rydberg state) [28, 29] to the observed directional proton emission which is difficult to be generated by our OTC pulse and out of the time-of-flight range of interest in our analysis.
Figure 2(a) shows the momentum distribution of H þ in the polarization y-z plane of the OTC pulse integrated over all the laser phase of ϕ L . The corresponding kinetic energy of H þ , E k , versus the ion-emission direction, ϕ H þ , is plotted in Fig. 2(b) . It shows a rich structure as a function of ϕ H þ . The potential dissociation pathways in the OTC field are illustrated in Fig. 1(b) . The H þ ejecting along the FW polarization axis near ϕ H þ ¼ AE90 ∘ at low (E k < 0.4 eV) and high kinetic energies (0.5 eV < E k < 1.2 eV) originate from the 1ω FW (propagation on the 1sσ þ g curve undergoes one-ω FW -photon transition to the 2pσ þ u curve at point C, followed by dissociation along the 2pσ þ u curve) and net-2ω FW (propagation on the 1sσ þ g curve undergoes three-ω FW -photon transition to the 2pσ þ u curve at point A, followed by propagation on the 2pσ þ u curve and coupling back to the 1sσ þ g curve at point C by emitting one photon of ω FW , followed by dissociation along the 1sσ þ g curve) dissociation pathways, respectively. On the other hand, the H þ ejecting along the SH polarization axis near ϕ H þ ¼ 0°or AE180°at high kinetic energy (0.5 eV < E k < 1.2 eV) originates from the 1ω SH dissociation pathway (propagation on the 1sσ þ g curve undergoes one-ω SH -photon transition to the 2pσ þ u curve at point B, followed by dissociation along the 2pσ þ u curve). Interestingly, as shown in Fig. 2 (b), a fine structure is clearly resolved in the highkinetic-energy region of the proton spectrum. By considering the kinetic energy of the undetected neutral H from the dissociative ionization of H 2 , as plotted in the right panel of Fig However, the H þ ejecting in the direction between the polarization axes, e.g., the butterfly structure indicated by the dashed curve in Fig. 2(a) , is caused by the conjunct driving of the FW and SH waves of the OTC pulse. This is verified experimentally by scanning the time delay between the FW and SH pulses. To do that, the FW and SH waves are separated from the OTC pulse and then latterly recombined by dichromatic mirrors with a motorized delay stage in the SH arm. As shown in Fig. 3(a) , the butterfly structure emerges only when two pulses are overlapped. Since the SH pulse is too weak to ionize H 2 , no H þ near ϕ H þ ¼ 0°or ϕ H þ ¼ AE180°is observed when the SH pulse is temporally advanced with respect to the FW pulse [see Fig. 3(b) ]. The H þ emitting to ϕ H þ ¼ AE90°in Fig. 3(b) is produced solely by the FW pulse. On the other hand, when the SH pulse is temporally behind the FW pulse, Fig. 3(c) ]. As compared to the dipole transition induced dissociation, the single ionization rate of H 2 weakly depends on the molecular orientation with respect to the laser polarization [30] . The weak SH PRL Fig. 3(c) .
The emission dynamics of the H þ can be controlled on attosecond time scale by adjusting the relative phase ϕ L of the OTC pulse. One of the most interesting controls is the asymmetric emission of H þ in the dissociative ionization of H 2 . To qualify it, we define the asymmetry parameter as
þ yield at the proton kinetic-energy E k , emission angle ϕ H þ , and phase ϕ L of the OTC pulse. The asymmetry parameter is positive for H þ emitting to Figure 4 (a) shows a two-dimensional map of the asymmetry parameter as a function of ϕ L and E k for protons emitting to 45°< ϕ H þ < 65°. Clear asymmetries are visible for both the low-E k and high-E k regions as a function of the laser phase ϕ L . The asymmetry parameters versus ϕ L integrated over H þ kinetic energy intervals of 0.2-0.4 eV and 0.6-0.7 eV are plotted in the top panel of Fig. 4(a) , which are fitted by using A 0 sinðϕ L þ ϕ A 0 Þ where A 0 is the asymmetry amplitude and ϕ A 0 is the phase. The asymmetry amplitudes are revealed to be A 0;high-E k ¼ 20% AE 0.5% at high-E k and A 0;low-E k ¼ 15% AE 0.5% at low-E k , respectively.
To verify the analysis above, we numerically simulate a two-channel time-dependent Schrödinger equation (atomic units are used throughout unless otherwise stated) where μ is the reduced nuclear mass, χ g and χ u are the two-dimensional nuclear wave packets corresponding to the electron in 1sσ þ g and 2pσ þ u states whose potential energy surfaces are V g and V u , respectively. Two nuclei sit on ðy; zÞ and ð−y; −zÞ symmetrically, and Dðy; zÞ is the dipole coupling matrix. The OTC field is written as
, 0 < t < τ, where ϕ FW is the carrierenvelope phase of the FW pulse, and ϕ L is the relative phase between the orthogonal FW and SH waves. The pulse duration τ equals 14 FW optical cycles. We note that the ϕ FW is not locked in the experiment. To simulate it, we average over the ϕ FW for each ϕ L . By doing this, we smear out the contribution of ϕ FW and extract the asymmetry induced solely by the relative phase ϕ L . The peak intensities of the FW and SH pulses in the simulations are set to be 9 × 10 13 and 9 × 10 12 W=cm 2 , respectively, and averaged over the focusing volume. We repeatedly launch four ground states of H 2 (separated by half cycle) onto the 1sσ þ g potential surface by assuming H 2 is mainly ionized around several optical peaks in the middle of the FW pulse. We then freely propagate such nuclear wave packet for about 100 fs to obtain the initial bounded nuclear wave packets [31] to be dissociated by the OTC pulse. For the given laser parameters, the estimated ionization probability is much smaller than the dissociation probability; hence, the above numerical model can well describe the main physics in our experiment. Figure 4 (b) presents the simulated asymmetry as a function of ϕ L and E k . The numerical results are well comparable with the experimental measurements.
Figures 5(a) and 5(b) plot the measured amplitude A 0 and phase ϕ A 0 of the asymmetry versus the H þ emission direction ϕ H þ for the low-E k and high-E k regions, respectively. As compared to the one-dimensional stage where the asymmetry is along the polarization axis of the employed laser field , we here observe significant asymmetric emission of H þ in the direction between the polarization axes of the FW and SH waves of the OTC pulse. As shown in Figs. 5(a) and 5(b) , there is an angle shift of the ϕ H þ -dependences of the asymmetry amplitude A 0 between the low-E k and high-E k regions. Rather than at ϕ H þ ¼ AE45°or AE135°, the asymmetry is favored when H þ emits slightly   FIG. 3 (color online). The momentum distributions of H þ in the y-z plane as a function of the time delay (T delay ) between the orthogonally polarized FW and SH pulses. The SH pulse is tuned to be temporally (a) overlapped (T delay ¼ 0 fs), (b) advanced (T delay ¼ 300 fs), and (c) behind (T delay ¼ −300 fs) with respect to the FW pulse, respectively.
close to the SH polarization (ϕ H þ ¼ 0°or AE180°) and FW polarization (ϕ H þ ¼ AE90°) for the low-E k and high-E k regions, respectively. The π-shift of the phase ϕ A 0 of the asymmetry for H þ emitting to ϕ H þ and ϕ H þ þ π validates our analysis and directly shows the directional dissociative ionization of H 2 in the phase-controlled OTC pulse. The numerically simulated A 0 and ϕ A 0 as a function of ϕ H þ for the low-E k and high-E k regions are presented in Figs The asymmetric directional emission of H þ requires the coherent superposition of the nuclear wave packets with same kinetic energies but opposite parities which must also overlap in the emission direction for the twodimensional stage. By watching the numerical propagation of χ g and χ u , we may identify the dissociation pathways, as indeed depicted in Fig. 1(b) . For the high-E k region, χ u comes from the 1ω SH pathway and χ g comes from the net-2ω FW pathway. By considering the dipole-allowed photon transitions parallel and perpendicular to the molecular axis [32] , the angle-resolved asymmetry can be very nicely fitted with cos For the high-E k region, the four-photon-induced net-2ω FW pathway leads to a narrow angular distribution by interfering with the 1ω SH pathway. Similar to the low-E k region, as shown in Fig. 5(a) (solid curve) , the angle dependence of the asymmetry at the high-E k can be nicely fitted with
, where A 1 ¼ 0.9 AE 0.1 and A 2 ¼ 0.2 AE 0.2 are the relative contributions of the 1ω SH -1ω FW and 3ω FW -1ω SH interference pathways, respectively. The observed ∼π=2 offset of the phase of the asymmetry of the low-E K as compared to the high-E K around the asymmetry peaks [see Figs. 5(a) and 5(b) ] are considered in the fit.
In summary, we have observed emission-direction and kinetic-energy dependent asymmetric dissociative ionization of H 2 by using an intense phase-controlled OTC pulse. The underlying physics is understood to be the coherent superposition of the two-dimensional nuclear wave packets with opposite parities conjunctly driven by the FW and SH waves of the OTC pulse. Significant asymmetric proton 
